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Introduction
In RAN1#111, the follows was agreed for studying the low-power wake-up signal and procedures [1]: 
	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, 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

Agreement
For the purpose of study, the BW of one LP-WUS is not greater than X (FFS X is 5 or 20) MHz for FR1, study further 
· whether BW of LP-WUS is configurable (implicitly or explicitly)
· size of guard band [FFS: within or outside of BW X], if any 
· whether there is different X for Idle, Connected, Inactive modes
FFS: Whether FR2 is included in the scope of LP-WUS SI

Agreement
For a UE support LP-WUR in IDLE/INACTIVE mode, 
· Study how to reduce UE power consumption due to existing RRM measurement requirements at least for mobility support, 
· study feasibility of RRM measurements performed by LP-WUR, at least for serving/camping cell, based on signals detected by LP-WUR
· FFS: measurement metric
· FFS: whether and how to identify cell/ tracking area 
· FFS: need for neighbouring cells
· FFS: need for relaxation of existing RRM measurement requirements (for UE)



This paper discussed the aspects of physical channel/signals for the low-power wakeup receiver (LP-WUR), the system design associated with low-power wake up signal (LP-WUS) and waveform, and the related procedure of using LP-WUR to achieve UE power saving.  
[bookmark: _Hlk114132307]Signal waveform for LP-WUR and system design
Signal waveform and modulation design for LP-WUR
[bookmark: _Hlk115251382]The design of the signals and waveform of low-power wakeup signal is critical in the power consumption of the low-power wakeup receiver. Based on the archived agreements during RAN1#111, multi-carrier (MC)-ASK (including OOK) waveform, multi-carrier (MC)-FSK waveform and OFDMA-based signals/channels could be considered. The techniques on how to generate waveform by modulating sub-carriers of CP-OFDM symbol up to M bits transmitted per OFDM symbol are FFS. In this subsection, the techniques to generate waveform are discussed as follows.
LP-WUS waveform and modulation design for LP-WUR
· MC-ASK waveform
The OOK waveform by modulating at sub-carriers of a CP-OFDM symbol is shown in Figure 1. The information bit is carried on the OOK waveform in one OFDM symbol. In Figure 1, the NR channel/signals and LP-WUS are multiplexed at the NR bandwidth with same IFFT process or short IFFT for LP-WUS embedded in long IFFT of NR signals. The frequency signal is transformed by IFFT to generate time domain signals and carry 1bit information in one OFDM symbol. The OOK demodulation at LP-WUR is to filter out the NR signals by FFT when one IFFT is used or by bandpass filter when short IFFT is used with threshold detector to get the information bit(s). More details on ASK receiver structure is shown in our companion contribution [2].
[image: ]
(a) CP-OFDM based LP-WUS with one IFFT
[image: ]
(b) CP-OFDM based LP-WUS with short IFFT
[bookmark: _Ref127544362]Figure 1: CP-OFDM based LP-WUS
Furthermore, the LP-WUS design targets to support the minimum data rate with M bits per OFDM symbol. To support M bits of LP-WUS in an OFDM symbol, the information bits could be allocated at the modulated waveform with M-level ASK or multi-sub-band (e.g., one sub-band is one PRB) with each sub-band carried 1-bit information in an OFDM symbol. 
· MC-FSK waveform
Similar to MC-ASK waveform, FSK waveform by modulating multiple information bits directly into the one M-level FSK waveform or each bit in one sub-bands or M total sub-bands within the LP-WUS BW. M bits transmission per OFDM symbol of LP-WUS could support 14*M kbps data rate for 15 kHz SCS, e.g. 8 bits per OFDM symbol for 112 kbps rate for 15 kHz SCS. 
· OFDMA-based signals/channels 
The waveforms of OFDMA-based signals/channels are the baseline waveform for NR. The OFDMA or SC-FDMA waveform for LP-WUS would be another NR signal. Comparing to MC-ASK and MC-FSK, the detection of OFDM waveform will bring higher UE power consumption due to the FFT processing at the LP-WUR. 
Proposal 1: MC-ASK waveform and MC-FSK waveform should support M bits information per OFDM symbol to support the target data rate requirements for LP-WUS, e.g., M = 8 bits for at least 100Kbps data rate. 
System design associated with LP-WUS signals and waveform
About system design for LP-WUS, it is necessary to support the LP-WUS coexistence with other NR legacy channels. The considerations of the system design associated with LP-WUS signals and waveform are summarized as follows,
· Multiplexing with other NR channels
· Inter-channel interference (ICI) from other channel
· Guard band
· Pulse shape filter
· Periodic or continuous transmission of LP-WUS
· Reference timing from local oscillator or slave-drive by NR oscillator
The details of above considerations are discussed as following subsections. 
Inter-channel interference from other channel
The LP-WUS signal design should take into account of ICI from/to the neighboring NR channels, e.g., PDCCH, PDSCH, CSI-RS and SSB, when LP-WUR is operating at the same NR carrier. When LP-WUS multiplexed with NR at the NR operation band, the ICI from/to existing NR channel/signal will decrease LP-WUS detection performance. Therefore, LP-WUS design target should be considered to reduce the ICI between LP-WUS and NR signals when they are multiplexed at the NR carrier. Guard band is one interference mitigation technique to avoid interference from/to adjacent neighboring channels. 
Proposal 2: It is expected to support TDM and FDM multiplexing between LP-WUS and NR legacy channel/signal. The LP-WUS design should take into account inter-channel interference mitigation techniques when LP-WUS and NR signals are multiplexed in the same NR carrier. 
Guard band
Guard band is used to remove the interference for LP-WUS from NR legacy channel/signals. The LP-WUR architecture includes RF-based receiver, IF-based receiver and BB-based receiver as discussed in [3]. The design target of LP-WUR is to minimizing the power consumption of UE. Guard band is the adjacent sub-band not to be used to protect the roll-over ICI from neighboring channels. The ratio of the guard band depends on the waveform and the roll-off factor of the bandpass filter. Since LP-WUR would use the bandpass filter with low-cost and low power consumption, the roll-off factor would be limited to higher values. The ratio of LP-WUS guard band should not be lower than that of NR or LTE, e.g., LP-WUS guard band is not less than 10% bandwidth.
Proposal 3: The ratio of LP-WUR guard band is not less than the NR or LTE guard band ratio, e.g., 10%.
Pulse shaping filter
[bookmark: _Hlk127486213] The pulse shape filter is the filter at the transmitter to limit the transmission signals rolling off to the adjacent channels.  One example of the pulse shaping filter is the raised-cosine filter as shown in Figure 3. The raised-cosine filter is a filter frequently used for pulse-shaping in digital modulation due to its ability to minimize the ICI. The raise cosine function from the fact that the non-zero portion of the frequency spectrum of its simplest form (β =1) is a cosine function, 'raised' up to sit above the horizontal function. The pulse shaping filter would minimize the transmitted signal to the adjacent channels at the transmitter. Thus, the LP-WUS should take the pulse shape filter into consideration as the requirement to limit the ICI to the adjacent channel.   
[image: ]
[bookmark: _Ref127486035]Figure 3: An example of Raise Cosine Filter as the pulse sharping filter for LP-WUS with different roll-off factor
Proposal 4: The LP-WUS should take the pulse shape filter into consideration as the requirement to limit the ICI to the adjacent channel. 
UE Periodic and continuous monitoring of LP-WUS
In RAN1#111, the LP-WUS monitoring procedure includes contiguous monitoring and periodic monitoring occasions. The following Figure 4 and Figure 5 show the different UE monitoring types of LP-WUS.
[bookmark: _Ref127375303][image: ]
Figure 4: UE Periodic monitoring of P-WUS
[image: ]
[bookmark: _Ref127375344]Figure 5: UE Continuous monitoring of P-WUS
The duty-cycle based LP-WUS associated with the DRX and PO would allow the turning ON and off of the LP-WUR for the power saving. The unlocked oscillator used for LP-WUR is inexpensive and has loose frequency stability in the range of ±50- 80 ppm, which far away from UE frequency stability requirement of ±0.1 ppm.  If the duty cycle based LP-WUR would need to turn ON and OFF to align with the periodicity of DRX or PO, the frequency stability of LP-WUR for the detection of wakeup signal needs to be calibrated and adjusted to reduce the effect caused by frequency drifting for better detection performance. However, the power consumption of wakeup receiver would increase due to the increase of power consumption of external components if the oscillator is used for LP-WUR to in lock with the NR clock for accurate detection of the wakeup signals.   
 Another alternative of low latency network access with low UE power consumption is the on-demand wakeup by the network. The NR receiver would stay in sleeping mode and will only wake up by the front-end wakeup receiver when the device has data to send or to receive without periodic wakeup. The front-end wakeup receiver can be the low-power device or ambient passive device to provide the constant monitoring of wakeup signal in preparation of UE wakeup. The power consumption of front-end wakeup device for on-demand network access would need to be very low.
Proposal 5:  The wakeup receiver could be configured to monitor wake up signals continuously for on-demand access or with duty-cycle to align the duty-cycle with the periodicity of DRX for RRC_CONNECTED mode UE or PO for RRC_IDLE/INACTIVE mode UE.
Reference timing from local oscillator or slave-drive by NR oscillator
The time drift/frequency drift wander of reference clock for reference timing from local oscillator or slave-drive by NR would result in timing error/frequency error for LP-WUS monitoring. The error would impact the LP-WUS monitoring window length and even introduce unnecessary wake-up or miss the WUS detection for a UE. It is shown in following Figure 6.
[image: ]
[bookmark: _Ref127375968]Figure 6: Illustration of timing error
From Figure 6, duty-cycle based low-power wakeup signal associated with the DRX and PO would allow the turning ON and OFF of the LP-WUR for the power saving. The unlocked oscillator used for LP-WUR is inexpensive and has loose frequency stability in the range of ±50- 80 ppm, which far away from UE frequency stability requirement of ±0.1 ppm. If the duty cycle based LP-WUR would need to turn ON and OFF to align with the periodicity of DRX or PO, the frequency stability of LP-WUR for the detection of wakeup signal needs to be calibrated and adjusted to reduce the effect caused by frequency drifting for better detection performance. However, the power consumption of wakeup receiver would increase due to the increase of power consumption of external components if the oscillator used for LP-WUR would need to in lock with the NR clock for accurate detection of the wakeup signals.
Therefore, the periodic synchronization to reference timing is needed to address for reducing the timing error/frequency error. Considering the system design, the enough time resource for LP-WUS monitoring window needs to be reserved.
Proposal 6: The timing error/frequency error caused by drift and wander of reference clock would impact the system design for LP-WUS monitoring and detection. The enhancement to reduce the timing error/frequency error for synchronization and LP-WUS monitoring window should to be studied.
Physical Signals/Channel Design 
Network support of LP-WUR/S
The LP-WUR architecture considers several alternatives, which include the RF-based envelop detection, IF-based envelop detection and BB-based envelop detection to trigger the activation/deactivation of the NR receiver at the UE. The considerations of the network operation for achieving UE power saving by LP-WUR with limited receiver sensitivity or restricted maximum coupling loss are discussed as follows.
· System support of LP-WUR needs to inform UEs through broadcast channels
The power consumption of the LP-WUR depends on the receiver architecture and its achievable receiver sensitivity. The receiver sensitivity in dBm would determine the maximum range of the coupling loss/path loss in the radio propagation from the gNB with a given Tx power in dBm, which could derive the maximum coverage area. Since the LP-WUR intends to prioritize the UE power saving, the coverage area of 164 dB coupling loss with the support of data rate at least 160 bps for DL/UL defined in NR system [4], could not be reused. The LP-WUR is hard to achieve the receiver sensitivity over -100 dBm with data rate at 160 bps with the power consumption target in the range of µW or nW. Thus, only selected network deployment scenarios could support the limited coverage aspect of LP-WUR, such as indoor hotspot or dense urban coverage scenarios with inter-site distance less than 200 meters. The network support of UE wakeup mechanism by LP-WUR needs to inform all UEs by broadcasting the configuration of wakeup signals through SIB-1 or SIB-x at a given cell.   
Proposal 7: The network support of UE wakeup mechanism by LP-WUR needs to inform all UEs by broadcast the configuration of wakeup signals through SIB-1 or SIB-x at a given cell.   
· UE capability of LP-WUR support
On the other hand, the UE capability should have the capability of the implemented LP-WUR and the associated receiver sensitivity information for the coverage area of supported UE wakeup mechanism. UE will report its supported category of LP-WUR in the UE capability. The network would configure the UE wakeup mechanism by LP-WUR if network supports the category of LP-WUR in the deployment. 
Proposal 8:  UE capability includes the receiver sensitivity of the low-power wakeup receiver.  UE will report it’s supported of low-power wakeup receiver in the UE capability.   
· Specification of waveform and configuration of LP-WUS
The signals and waveform are critical in the power consumption of LP-WUR. The MC-ASK (including OOK) waveform, MC-FSK waveforms, and OFDM-based signals/channels are discussed in RAN1#111. In general, the waveform of the wakeup signal for the LP-WUR should be designed with the target of minimizing power consumption and not restricted to the NR OFDM-based waveform. Thus, it is expected that network should support the potential LP-WUS waveform and configure the LP-WUS based on supporting waveform.
Proposal 9:  Network should support the LP-WUS waveform configuration.  
Configuration of low power wakeup signals
The NR network should configure and transmit the DL signals designed for the LP-WUR in order to support the UE wakeup mechanism by the LP-WUR in achieving the UE power saving. The network configuration of the wakeup signal transmission for the LP-WUR is discussed as follows.
· Configuration of LP-WUS resource
[bookmark: _GoBack]For LP-WUS resource, time information and frequency information for LP-WUS should be configured. Furthermore, cell-specific or UE-specific configuration of LP-WUS resource could be supported. For cell-specific configuration of LP-WUS resource, all UEs associated to the Cell would detect LP-WUS which results in unnecessary MR wake-up. For UE-specific configuration of LP-WUS resource, the UE would detect LP-WUS based on the specific resource and decrease the false alarm rate. However, the network overhead would be increased with the increasing of the number of UE. Therefore, the tradeoff between LP-WUS resource overhead and LP-WUS detection performance needs to be considered.
Proposal 10:  Cell-specific or UE-specific configuration of LP-WUS resource could be supported.
· Configuration of wake-up signal with unique UE identification
To improve the LP-WUS detection performance, configuration of wake-up signal with unique UE identification could be considered, e.g., unique UE identification within a cell or group of cells (e.g., registration area). For RRC_CONNECTED mode UEs, each UE has its specific traffic and data arrival time, the unique UE identification could be configured with a cell. However, the unique UE identification would increase LP-WUS information length and network overhead. Therefore, it could be further considered on the unique UE identification within a group of cells (e.g., registration area). For example, for RRC_IDLE/INACTIVE mode UEs, amount of UEs should be supported for paging. Base on the test and analysis in Rel-16 UE power saving, paging rate could be low to 1% in current network [5]. So the UE could be divided in multiple groups, and each group can be configured with a wake-up signal. 
Proposal 11:  Configuration of wake-up signal with unique UE identification should be supported.
· System Bandwidth of LP-WUS
In RAN1#111, it was agreed that LP-WUS BW could be not greater than 5MHz or 20MHz. For RRC_IDLE/INACTIVE mode, the 5MHz bandwidth for initial access is enough. Thus, the LP-WUS BW could be configured as 5MHz for RRC_IDLE/INACTIVE mode UE. While, for RRC_CONNECTED mode, the initial BWP could be configured 20MHz. In this case, the LP-WUS BW could be configured as 20MHz for RRC_IDLE/INACTIVE mode UE. Therefore, the LP-WUS bandwidth could be configured as the scalable bandwidth to support different RRC mode. On the other hand, LP-WUS could consider sharing the same bandwidth between RRC_CONNECTED and RRC_IDLE/INACTIVE for the same UE.
Furthermore, the LP-WUS BW should include the guard-band between LP-WUS and other NR signals/channels or other LP-WUS. The value and details of guard band is discussed in section 2.2.2.
Proposal 12: Same or different BW between RRC_CONNECTED and RRC_IDLE/INACTIVE mode should be supported. 
Physical functionalities and procedures
Synchronization 
[bookmark: OLE_LINK77][bookmark: OLE_LINK83][bookmark: OLE_LINK71]For further UE power saving, the main radio can transit into ultra-deep sleep state and turning off most components. The LP-WUR would monitor the LP-WUS continuously or periodic and activate the main radio after detecting the LP-WUS. If the LP-WUR uses its own oscillator without slave-drive by the NR oscillator to minimize the power consumption, the drift of the LP-WUR timing would increase due to LP-WUR oscillator has loose frequency stability in the range of ±50- 80 ppm. The frequency and time synchronization will be degraded when the clock drift at the LP-WUR. The detection performance of LP-WUS may not have significant impact from local clock drift when the LP-WUR monitors LP-WUS continuously. For LP-WUS receiver with periodic monitoring method, the local clock drift may seriously degrade the LP-WUR synchronization to gNB. The LP-WUS detection performance degrades especially when the timing offset is larger. 
Proposal 13: The LP-WUS design should take into account the low power wakeup receiver synchronization to the network with UE continuously or periodically monitoring LP-WUS.
RRM Measurement and Procedure with LP-WUR 
[bookmark: _Hlk115249176][bookmark: _Hlk115249283]RRM measurements are used for UE mobility management in both RRC_CONNECTED and RRC_IDLE/INACTIVE mode. When UE monitors the LP-WUS to achieve the power saving and the NR main radio is in ultra-deep sleep mode, the signals used for RRM is critical for the LP-WUS design.  There are two alternatives of RRM measurements when LP-WUR is used for wakeup receiver as follows.
· Alt.1: RRM measurement on SSB
The LP-WUS signals are used as the wakeup indication of the NR main radio only and not used for RRM measurements. The RRM measurements, such as SS-RSRP and SS-RSRQ measurements, would be triggered by LP-WUS to be measured by the NR main radio on the SSB of each cell. In this case, the LP-WUS signal does not need to include the Cell ID information. The LP-WUR does not need to perform multiple hypothesis testing of cell detection and RRM measurements. An example is shown in Figure 7 on RRM measurements at NR main radio triggered by LP-WUS. The RRM measurement includes serving cell measurement and neighboring cells (i.e. intra-frequency cells and inter-frequency cells) measurements.
[bookmark: _Ref127257146][image: C:\Users\liumiaomiao\Desktop\RRM1.jpg]
Figure 7: RRM measurement on SSB
· Alt.2: RRM measurements on LP-WUS
Another alternative is that the LP-WUS is used as a reference signal for RRM measurements. The LP WUR offloads the RRM measurements from MR during NR Main Radio being OFF, as shown in Figure 8. In order to support RRM measurements by LP-WUS, the LP-WUS should contain the cell ID information. The LP-WUR needs to detect the LP-WUS from one cell but also from neighboring cell with multiple hypothesis. In this alternative, the LP WUS is used for both detection and RRM measurements, it requires LP-WUS has uniqueness for each cell identity. Moreover, if the LP WUR also performs the neighboring cells measurements, LP WUS needs to have the co-channel interference rejection capability among LP-WUS signals from serving cell and neighboring cells.
[image: ]
[bookmark: _Ref127279115]Figure 8: RRM measurements on LP-WUS
Proposal 14: For a UE support LP-WUR in IDLE/INACTIVE mode, to reduce the power consumption on RRM measurements, two potential alternatives can be considered:
· Alt.1: RRM measurements on SSB;
· Alt.2: RRM measurements on LP-WUS.
Conclusion 
In this contribution, we have discussed the UE wakeup mechanism and the design of the physical layer structure and procedure in support of the low-power wakeup receiver in achieving UE power saving. We have the following proposals: 
Proposal 1: MC-ASK waveform and MC-FSK waveform should support M bits information per OFDM symbol to support the target data rate requirements for LP-WUS, e.g., M = 8 bits for at least 100Kbps data rate.
Proposal 2: It is expected to support TDM and FDM multiplexing between LP-WUS and NR legacy channel/signal. The LP-WUS design should take into account inter-channel interference mitigation techniques when LP-WUS and NR signals are multiplexed in the same NR carrier.
Proposal 3: The ratio of LP-WUR guard band is not less than the NR or LTE guard band ratio, e.g., 10%.
Proposal 4: The LP-WUS should take the pulse shape filter into consideration as the requirement to limit the ICI to the adjacent channel.
Proposal 5:  The wakeup receiver could be configured to monitor wake up signals continuously for on-demand access or with duty-cycle to align the duty-cycle with the periodicity of DRX for CONNECTED mode UE or PO for IDLE/Inactive mode UE.
Proposal 6: The timing error/frequency error caused by drift and wander of reference clock would impact the system design for LP-WUS monitoring and detection. The enhancement to reduce the timing error/frequency error for synchronization and LP-WUS monitoring window should to be studied.
Proposal 7: The network support of UE wakeup mechanism by LP-WUR needs to inform all UEs by broadcast the configuration of wakeup signals through SIB-1 or SIB-x at a given cell.
Proposal 8:  UE capability includes the receiver sensitivity of the low-power wakeup receiver.  UE will report it’s supported of low-power wakeup receiver in the UE capability.
Proposal 9:  Network should support the LP-WUS waveform configuration.
Proposal 10:  Cell-specific or UE-specific configuration of LP-WUS resource could be supported.
Proposal 11:  Configuration of wake-up signal with unique UE identification should be supported.
Proposal 12: Same or different BW between RRC_CONNECTED and RRC_IDLE/INACTIVE mode should be supported.
Proposal 13: The LP-WUS design should take into account the low power wakeup receiver synchronization to the network with UE continuously or periodically monitoring LP-WUS.
Proposal 14: For a UE support LP-WUR in IDLE/INACTIVE mode, to reduce the power consumption on RRM measurements, two potential alternatives can be considered:
· Alt.1: RRM measurements on SSB;
· Alt.2: RRM measurements on LP-WUS.
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