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A new study item on low-power wake-up signal and receiver for NR was approved in RAN#94e [1] and revised in RAN#97e [2]. 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 the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 
In this contribution, we discuss the design considerations on the low-power Wake-Up Signal (WUS).  

Discussion
To reduce the power consumption of Internet of Things (IoT) devices, it is ideal to put device into deep sleep as much as possible when it is idle, so the IoT device only wakes up to receive and transmit information only when needed. During deep sleep, the device may monitor some kinds of wake-up signal (WUS), replacing paging early indication (PEI), with as low power consumption as possible. In Machine-type communication (MTC), MTC wake-up signal (MWUS) is specified to help the receiver avoid wasting power on trying to decode MPDCCH. MPDCCH decoding is performed only when MWUS is detected, thus reducing the power consumption. 
Coherent receptions as mentioned above, having better performance than non-coherent counterparts, are limited in meeting ultra-low power consumption requirements, e.g., W power consumption in deep sleep state (see companion contribution [3]). To achieve the ultra-low power consumption, it is ideal to use passive circuit receiver at the RF front-end and apply non-coherent reception where only energy detection is performed. On-Off Keying (OOK) type of modulation usually works well in generating WUS for energy detection type of receivers. The detection output is the input to the digital signal processing (DSP) unit for further digital domain processing. The processed result determines whether the WUS is targeting the receiver and if indeed it is the case, corresponding operations and procedures will be performed. 
Proposal 1: Consider adopting On-Off Keying (OOK) as the modulation method for the design of low-power WUS in Rel.18.
Low-power WUS resource allocation
Ideally, to simplify the design of low-power WUS receiver, dedicated frequency band should be allocated to the transmission of WUS. Thus, WUS receiver could have a more certain idea on where to receive the WUS and make its RF front-end less tunable to reduce complexity and cost. But dedicated frequency resources for WUS transmission imposes higher resource overhead and reduce network resource utilization, which is a much more noticeable concern in cellular network than in unlicensed networks, e.g., WiFi. Further, if the dedicated frequency band is not at the edge of system bandwidth, it creates holes in the system frequency resources, puts more restrictions on the resource scheduling and reduces system resource allocation flexibilities. It is possible that some sort of DRX operation may be considered to further reduce the power consumption of WUS reception and, therefore, during the off-duty cycle of the DRX for one WUS receiver, the frequency resources (i.e., dedicated for WUS transmission) could be used for the transmission of WUSs targeting other receivers. However, in case there are not enough WUS transmissions to occupy the dedicated time-frequency resources, there will be waste of resources. A more favorable idea is to allocate dedicated time-frequency blocks for WUS transmission. The time-frequency block allocation should be configurable and adjustable based on the resource demand of the WUS transmission. The time-frequency blocks could be utilized to transmit other legacy NR channels or signals when there is no need for WUS transmission. In NR, BWP concept seems to fit the WUS time-frequency block idea very well and can be considered for the resource allocation of WUS transmission.
Proposal 2: Consider sharing time-frequency resources between WUS and legacy channels/signals by allocating time-frequency blocks for the transmission of WUS.

Low-power WUS content
To reduce the cost and power consumption of WUS, a low-accuracy oscillator may be used at the WUS receiver which results in large time drifting during the silent periods of WUS transmission. Two different design approaches may be considered. A sequence-based design which might limit the amount of information that can be transmitted through WUS since the sequence detection complexity increases exponentially with the information size. The use case is thus to carry certain system information to a group of WUR.  A message-based design that includes a preamble as a precursor to aid in preparing the RF front-end, e.g., AGC and filtering, and acquiring more accurate timing synchronization for the WUS message part receptions. The WUS information is contained in the message part which may consist of UE ID or UE group ID. To support mobility, cell ID may be also included along with UE/group IDs. It is also possible that cell ID, along with other system information, may be transmitted alone as broadcast information to assist UE mobility. 
CRC of the information bits may be transmitted to effectively reduce the false alarm rate of WUS detection results. While WUS reception relies on the energy detection of received signal and it is more prone to performance degradation caused by high power interference signal. For example, at the cell edge, the interference of data transmission or neighboring cell WUS transmissions could be stronger than target WUS. Transmission of longer sequence increases the chance of WUS being exposed to high power interfering signal which may result in higher miss detection rate. In the SI phase, evaluations can be done to investigate the trade-off. 
FEC coding may effectively help combat transmission errors. Depending on the WUR reference receiver discussion, UE may perform hard or soft FEC decoding. In the SI phase, the type of FEC code, code rate etc. could be investigated and evaluated through simulation. 
Proposal 3: Consider both sequence-based and message-based design for WUS information content
Proposal 4:  The message part may include UE/group/cell ID and their possible combinations.
Proposal 5: Simulations and evaluations should be performed to determine the necessities and details of CRC and FEC.
Low-power WUS transmission
There are several ways to transmit OOK modulated signal. One option is to use a separate hardware module in gNb to mix WUS with other NR signals for transmission. Since a separate hardware module is used for WUS, the design of the WUS is more flexible. For example, the on-off duration can be quite flexible and doesn’t need to be restricted to, e.g., OFDM symbol boundary of legacy NR signals. Signal content in the ON duration can be also flexibly designed and optimized for certain receiver assumptions. While additional hardware does increase the cost and complexity of base station hardware. Another drawback is that the arbitrary signal content does not coexist well with legacy channels/signals. Loss of orthogonality from WUS to legacy channels/signals may occur and system performance may degrade.
Therefore, other options to transmit the WUS within the OFDM framework maybe considered. One scheme that can be considered is utilizing DFT-S-OFDM. After setting up OOK modulated signal in the time domain, the signal is transferred to frequency domain through DFT spreading and mapped to desired tone locations. Then the frequency domain WUS signal, along with legacy channels/signals go through IFFT to get time domain baseband signal for further processing and transmission (DFT-S-OFDM-OOK). This transmission scheme allows full reuse of base station hardware thus low cost and complexity. In FR1 the SCS are either 15k Hz or 30k Hz, thus OFDM symbol duration is quite long for the WUS transmission on-off granularity. This scheme divides the OFDM duration into finer granularities and one OOK signal occupies much smaller durations. Thus, WUS data rate could be increased and WUS transmission time is shortened which helps to reduce the chance of being interfered with other high-power signals. While WUS has relatively small bandwidth compared to system bandwidth, which means that signal on-off transition edges cannot be very sharp to guarantee good receiver detection performance.
Another scheme to transmit WUS within OFDM framework is to generate on-off signal based on OFDM symbols (OFDM-OOK). WUS is transmitted in ON state and not transmitted in OFF state for current OFDM symbol duration. There is not much need to change base station hardware like the case of DFT-S-OFDM scheme. OFDM-OOK operates on the OFDM symbol boundaries, its detection performance is superior to the DFT-S-OFDM scheme. Our initial evaluation also confirmed their performance gap. 
Proposal 6: Evaluate detection performance based on low-power WUS transmission schemes of OFDM-OOK and DFT-S-OFDM-OOK, and down-select.
One disadvantage of OFDM-OOK compared to DFT-S-OFDM based OOK lies in the relative longer OFDM symbol duration which reduces OFDM-OOK maximum data rate and is more prone to interference. One way to deal with this issue is to allow more SCS numerologies for FR1, in addition to SCS 15k Hz and 30k Hz already defined in standard, e.g., 60k/120k/240k Hz or even 480k/960k Hz. The higher SCS for WUS transmission, the shorter OFDM symbol duration and thus the higher maximum data rate. While shorter OFDM symbol duration also means less signal energy and less multi-path delay resistance which results in performance degradation. So, the trade-off between SCS and detection performance needs to be studied.
Proposal 7: Consider allowing higher SCS numerologies for OFDM-OOK transmission in FR1 and studying the SCS and detection performance trade-off.
During the OFDM-OOK on duration, data sequence configured for WUS at the corresponding tone locations are transmitted. For certain receiver implementations, e.g., RF signal envelop detection followed by filtering and comparator, the choice of data sequence may have noticeable impact on the detection performance. For example, the low PAPR type of sequences, e.g., Zadoff-Chu (ZC) sequence, may facilitate better detection at the receiver than random sequences. In the SI phase, sequence transmitted on WUS tones during the on OFDM symbols for OFDM-OOK needs to be evaluated.
Proposal 8: For OFDM-OOK WUS transmission during on state OFDM symbols, evaluate the sequence selection impacts on the receiver detection performance. 
Low-power WUS is transmitted on the frequency tones corresponding to several allocated resource blocks (RB). The number of RBs should be configurable to provide frequency diversity in case of frequency selective channel. Accordingly, RF filtering at the WUR must be tunable to accommodate variable WUS transmission bandwidth, causing an increase of WUR hardware complexity and power consumption. Tones at the edge of the allocated RBs should not be used to carry WUS transmission for the purpose of filter bandage roll off. The amount/fraction of unused tones may be determined considering the RF filter requirements which could be studied during the SI.
Proposal 9: Study the trade-off between WUS tone allocation size, fraction of unused edge tones and WUR tunability and filtering performance requirements.

Low-power WUS interference mitigations
For WUS, targeting cell edge receivers, it may experience relatively strong interference from neighboring cells. Additionally, OOK modulated WUS is received with energy detection which is less resilient to interference. To ensure satisfactory coverage for the cell edge receivers, the network may need to utilize some inference mitigating schemes. Base stations coordination could be considered such that when one base station is transmitting in certain time-frequency resources, the other surrounding base stations perform muting on these time-frequency resources to reduce the interference dramatically. Base station coordination increases network complexity and muting decreases the system efficiency. Since only cell edge receivers need help, the loss of system efficiency may be acceptable. The other way to mitigate the interference impact is to employ more complicated WUR and WUS design at the cost of increased hardware complexity and power consumption. Studies should be done to investigate the optional schemes to deal with inter-cell interference.
For WUS coexistence with legacy channels/signals, intra-cell interference also needs to be considered in some scenarios. In one case the low/band pass filtering is not providing enough suppression on co-scheduled signals, interference from other channels/signals degrade the WUS detection performance. In another case, if WUR is allowed to relax its filtering bandwidth over carrier frequency requirement, portion of legacy channels/signals may pass through the filtering along with WUS, then more advanced schemes may be employed to prevent it from degrading WUS energy detection. 
Proposal 10: Study inter/intra cell interference’s impacts on WUR/S design requirements and detection performance and investigate schemes to mitigate the impacts.

Low-power WUS performance KPIs
For a WUS content consisting of a preamble sequence and message bits, performance requirements should consist of two parts, preamble detection performance and message body decoding performance. The requirements for the preamble sequence part may include miss-detection rate and false-alarm rate, e.g.,  and , whereas decoding error rate could be considered for the message part, say, e.g., . 
Proposal 11: Consider defining different performance KPIs for preamble and message parts.

[bookmark: _Ref129681832]Conclusion
This contribution discusses the design consideration aspects of low-power WUS. The following summarizes our proposals.
Proposal 1: Consider adopting On-Off Keying (OOK) as the modulation method for the design of low-power WUS in Rel.18.
Proposal 2: Consider sharing time-frequency resources between WUS and legacy channels/signals by allocating time-frequency blocks for the transmission of WUS.
Proposal 3: Consider both sequence-based and message-based design for WUS information content
Proposal 4:  The message part may include UE/group/cell ID and their possible combinations.
Proposal 5: Simulations and evaluations should be performed to determine the necessities and details of CRC and FEC.
Proposal 6: Evaluate detection performance based on low-power WUS transmission schemes of OFDM-OOK and DFT-S-OFDM-OOK, and down-select.
Proposal 7: Consider allowing higher SCS numerologies for OFDM-OOK transmission in FR1 and studying the SCS and detection performance trade-off.
Proposal 8: For OFDM-OOK WUS transmission during on state OFDM symbols, evaluate the sequence selection impacts on the receiver detection performance.
Proposal 9: Study the trade-off between WUS tone allocation size, fraction of unused edge tones and WUR tunability and filtering performance requirements.
Proposal 10: Study inter/intra cell interference’s impacts on WUR/S design requirements and detection performance and investigate schemes to mitigate the impacts.
Proposal 11: Consider defining different performance KPIs for preamble and message parts.
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